
of sn -h am i op t i c -t e l u 1 u ie’ni o ’i c i n ig d ’ \ I c e ’ r m n c i l - i l t ,  \ i d  [P1’, Gtui ’ :( ‘ in s t m n n c i i l e ’  is m l l m i i n i n a t e ’ d  with radiation of

e’nlt’rg\- gre- t iter tha ui  the I ) a n ( l g l c , d  e n e - r ~ \- - \ /  t h e ’ s t ii i )I’ tnn ie ’ , i t is ill u nii n it ite’ct with le’ss than handgap

t ile-mg ’,- phot c~ns si _ ’li ic se’ e n e rgy is vto r ii ’ti frc c nv. U . 1 e - \ ’  I I  I,~ I , )‘c e ’\ ’ , N d i e ’  t ha t  the’ que’nching e’ffe’ct has

an i-d ge- ne-ar  O h S  e’V and the n ~ ) t I \ ’ S  ic-ark o’ uiis t timif l u e r  h u g u i c - r  c -ne -m g’s i c h o t o m i s ,

In F i gu r e - s  21 ,  25 , t t n c l 29 , W I ’  I u l c u )  li-i l tile- re-Ill) ftc’ ph lo t u u i gu al foi ’ t l l r i ’ d -  LI ’K ( al’ :( ‘n samples. For

e -nu ’h u c i ’ t h e- sc ’ sample ’s , th e- ciep e-ndence m u  a l l y  \ s a - . I inc-ar , w i t h  a transit i l d t i  t I c  sublinear at higher

flu x in) e ’n si tm c’s , Each of th e se’ sani I l l ’s had rc’ i t u t is e l y  ic ci _ v u~ 100)) ~t ) re sist tuilce- , In Figure 32 , si_ c-

shosv the ’  p h t c t u i s i g n a l  icho ton  f lu ’. i n t e ’ n i s u t v  d ’ h t i r t i c ’ I I - r I ” )  mc f u c r  a high re ’si stancc -e (~J0
9 
~ I GaP: Cu

sample. Nott ’ that the ’ charad e-n sf c c is c l e ’ u - h l u  ‘I l lv  sni  dI r) u T u e ’ t u r . w i t h  to h i n t  of lmne ’ar  dc’pendence ~tt

th e’ highest  f lux  in t e ’n s i t  es , ‘ftc’ si gnm f u - t o n c i ’  of t h i s  r e - s u i t  si_ - ill he ’ d i sc usse d in ~ c’i ’ t i on  IV.

We’ routine -l y fabricate -il ~~‘hc t t  l5v Ic a r r i i ’r ~ 00 the 1 , 1 1 1 ,  i ; u y e r ’  in  o r d e r  f c c  pro file the- carrier concen-

t ra t ion  by (‘-V te-c ’hn iqu e’s, As s i _ - i ’  ~e )  I I  cr t e ’d h e ’ tir lie’ r , the se’ dicc d i ’s t i n c ’  ph o t o s e n s i t i v e’  ocut to 5.5 eV(aa) ,

Figure 33 shows the relative sp e c t r a l  r’e ’spdnu sd- c d f  Ii ~ d ’ l l d , t t k y  barrie ’r diode ’ f abri cated on an undoped

LPE l a y e r ,  ‘Fh e pc-ak q u a n t u m  -I ’ f i t ’ ie ’ r i u ’v  for (dill ’ of these dlu cdc ie ’s is t v p  ic’alI\’ ~~0. t ) ,

2. ~Iran sport M easm irt ’rn ( ’i lts

f l a i l and re sist ivit y t l i l t ilvsi ’ c wi- n e -  r i co  t i n e ly  mad e ’ u c i i  51101 1 dIe s f rom each BS( ; growth run which

\‘ ic ’lde ’t l  cr 5) i’ls large- e ’ i’ u e cun gh for this t V i~ ’ I 1 a m i t u l y s i s , \l ost c c l  the ’ LPE 1a~ ers si_ -c -re ’ grown on heavil y

do pe-cl I I d w .r e ’ s i s t  i s - in  v suhs t r t i t  i’s , and h t ’ i i i ’e’  i t was m u l l  II  ess3 I c -  t ( I  icerforn i  I tall anal ysis on these

sam ple ’s . 1 I e c w e ’ i _  e r , 10 f t ’w LI’E I t m v c - r s  sve- r c ’ ),3’( c s s  i i  on cc d i i i I d I ’ i c s : l t e ’ ( i  I (‘ zochralski substrates and meas-

ii r e ’ n ie ’ ru t s were- made ’ Ofl 1 1 1 0 ’  ( i f  t i l l - s e ’  h o v e rs . A l l  i c f  the ’ I hell  I cu n d i  r e s i s t i v i t y  data i_ vt-re ’ taken using the

van der I’~u u w I I ’ d  ‘h i l i qi_ n e . The ’ stem p ie ’s sce ne’  I a l ) I H ’dl f l tc t  anal t ’hem ica l l  polished in a hot potassium

te - r r i c ’ v : e i u i ( i e ’  etc h [0.5 mole ~~ K( )I I , 1 .5 mole ~7 K 1 F e ’  t ( ‘N I i ;) . I” om n-type’ samples , ohmic contacts

we-re- l id  ‘hit-veil by a lh i  IV ing from smal l l Ie ’rip lIe -r ilcl  In :  I ‘3 ‘Fe i i i c t s  i t  680°C, For p-type-  samples In: 1’3

Zn ( b I t s  were all lcv e ’c i l ot l2 O ic (  t I e  form t h e ’  ohmi i ’ t’ Ofltl i I-ts ,

aa ‘ftc’ de-vc ’lopmc ’nt of ~ eh i c 111k v learr ie ’r Gal’ photode’t e’c’tco-s is currently funded by h oneywell.
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‘l’h e mat e- r u a l parau1~t ’t e ’rs which gt-ne ’ral l y arc’ available - from I lall analysis are majority c arrier

type and concentration , majority carrier activation energy and the temperature dependenc e’ of the
r e - s i s t m v i t v  and major i t y  carrie ’r mobil i ty .  The first th ree of these paranleters were of the most inter-

c-st t o  i _ m s in e -va l t i a t i onm g the mate ’ria l from these earl y growth runs. Table 5 tabulate ’s these par ameters

for the ’  BSG gr owth run s  svhic ’h i_ vt-re ’ conducted during the first hal f of this program .

l) i i r nn g tl’a- se ’ u ’ond hal f d i f th e ’  program , we’ be-came concerned with the carbon dop ing of the SSI)

growthls . Con se ’qU ent lV. for those- runs , we began to investigate the degree of compensation and the

low temperature sc at tering mechanisms which l imi t  the mobility . In Table 6, we tabulate the 1- lall

data foI ih e ’ hu lk  growth nuns which we ’re ’ conducted during the second half of the program ,

One c) f the reasons for de -ve ltcp ing the ’ E3)’~G growth techni que was to obtain larger , more unifo rm

solutioui -grccsi_ ’ni GaP c ry stals th i an  were’ obtainable ’ from the random nucleation solution growth

reroc’e-ss , h ai l data from growth run BSG-10 , which , as discussed earlier , produced large single

c rystals . ck- mons t r te te ’  the ’ un i fo rmi t y  of the’ BSG material, Two 1-l al l samples , spaced about 0.3 cm

apart , si_- c-re ’ c - ut  from it single wafer , The carrier concentration over T3/2 versus i0 3 ‘T is plotted in

Figure 3-I for each of the-sc ’  sample’s. The carrier concentrations at each temperature for these two
sample’s art’ w i t h i n  experu nlem -otal error of being equ al to each other.

In each of the h ai l nuns , tile- temperature dependence of the mobility was measured, Figures 35 and

36 are j d i ( I t s  of ti le’  m l i b c i l i t y  as a function of temperature for two n-type BSG samples. included are

straigh t line ’s showing re sp ect ive-Iv the ‘r 3/ 2 and T 1’2 temperature dependence of acoustic phonon

and space’ charge scattering.

F i g u i r i -  :37 ShOWS the- temperature dependence of the mobility for thre e p-t ype ’ BSG samp les, The
theoren meal curs-c’s for optical phonon scattering and ionized impurity scattering are included .

Be ’a usc’ c c f  the - i i e ’ rsm st e ’ r lc’ e- of c arbon as an acceptor impurity in the BSG and SSD growth runs , we

carefully examined the f lai l data for the last several p-type,growth runs. Figure 38 is a plot of
p,’T 3 ‘2 s’e-rsies ‘l”b for HSG I — -1 ,  Note that there is a rather well defined freeze-out regime , so the

activation energy is readily obtained , Figure 39 gives the temperature dependence of the- Hall co-

e ’fficie ’nt for the same four BSG growth runs , The significance of tile ’ roll-over in the h ail curve
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‘I’ABLE ‘i

‘I ’A13 i. ‘LA’I’I( )N ( )h-’ 1 tALL DAT,-\. l” i rst I lalf e f  Program

r . _ - - 

- 

Room Te-m 1)erat ure - Principal

~~~__ _
N u mh e r 

~ ( a m er I i _ f l t  (‘arrier Concentration l)onorf Acceptor

I Insuf f ic ien t  materia l for
analysis

2 - Pc cl~’u ’rs’sta1ln ne ’ matenal

3 N cc growth c ieu’cmrre ’cl .-
~ 

. - .

I P 1 x 1O 1~ <0.060

5 Insuff ic ient  mate -ria l for
analysis

6 p 1-,, i , 2 x 1 01°

“ p a x 10 11; - 0.042

8 n 7 x 1 0 17 0,095

9 \o  growth occurre’cI

10 n 3 x 1 017 0,09 3

11 Insufficient  material ---

12 Polycrystaliine material

13 p 9 x 1 0 15 < 0.060

14 Polycrysta lline material

15 n 8 x 10 17 0,090

16 n 2,9 x 10 18 0 097

17 n 2 .1 x 10 17 0,089

~~~~~ p E . 1 o 6 3 n 6 8 x m 17 O~~95

64



~~~J~~~~~
_ 

•
~i -~-~~~F - - - it -
c’i C., —

— 
‘ - CC- -i ‘_‘ ~‘1 “ C I

~~- — - ,- ,-i — —

— c ” - I I
I j “C ..C ~‘i ~‘C ~.C ~.‘

‘C, c~ cC~ ‘c:
c-i

-- _ _

is

C ~~ ‘ l_~ ,
r ~

,. — (~~ C (~ ~~- — C c-i a” c-i N ~~ C N(a - (~~ N ~~ 05 15 CC- -
,-i —

- ,~- -~ -~ ii

-~~ ~~
-—— - - -- - - - - -

~ 
- H

- ~s . ~, -
- ~~~~~ ‘ Cc 55 ,f~ — (a ~~ 05 c--I

- - i - o I .“ c-i C 05 05 — I
- .c CC-I “ ‘- — ,-i —‘

IC

~ H L— - 

-

_ _ _ _  _ _ _

-~ —
— H

a.~ -~ 
iC, -x r-.

- C CD c-i ‘ C C 05,,. ~~~~~~~~~~ ~~U5 ~ I ‘c ~i’ ‘i ‘c ~c’ C’S

— 
~~ -‘. s - u I 

- - —--_———---___—- -—-—-—-—_— a

~‘ C’S -
— “- . 0

Cc CD N N N Cc N
__

~) * C — — — — — — ,— —
‘ “

~~~~ 
C C C C C C C C

—‘ E ~ 
-
~~ — —‘ — — .‘-‘ — — — .~~ ~~

~~ 
it c’~ I it it - it it I

~~ 
,, 

~~~~~~~~~~~~~ ~~~~~ a
H ~ c-i i-  ~~ — — a —

C~~C 0

- ______ - - ________

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
1~~

c
~~ 

-_—  -- - -

* *
- ~~ )l’ ~~ 05 C .- c-i *- 5 c 1 .  

~~
‘ ,- c-i c-i c-i - C” c’s it)

C C C C C~~~ th o

~~~~~~~~~~~~~~~~ 
* *

65

• ~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ,~~~~~~~~ — - - ‘ ‘ ‘ ‘ “



7 x io 14

io 13

IN
c-c

C’s

C - .

C- -u

io ’2 -

C
e-
‘C

C-

L)

L)

SLOPE ~~~~‘

- 
0-0 S A M P L E  1 E D O N O R  ~~ r u , ’V

0-a SAMPLE 2 (SULFUR)

—p

2X 10 1° I
2 4 6 8 10 12 14

103/TEMPERATURE K~~
)

Figure :i-i . Carrier e’once-ntration divided by (temperatur e) 3!2 for two samp les from BSG-1O.

• __.~~i — --——--- —— — - -a-’ S — —



500 ~~~~~~~~~~ 
——_________________________

.4 1 0  ,

1,2 300 . ‘b-s,, 
~~~~~~~~~~~~ -1/2

L~ 

~~~~~ 
~~ T

\>-

200

150 -

100 ‘ I I I I
60 7 8 9 100 150 200 300

TEMPERATURE (K)

Figure 35, Temperature dependence of the mobility for an n -t ype
sample from BSG-1O (n = 3 x 1017 cm ’3 1.

~~ • 

67



1500  —

0 

Q

~~~~~~~~~ T~~~~2

—“ 500 -

0

0

300 -

200 -

150 — 

I I

50 70 100 150 200 300 500

TL M PERATURL ( K

Fig ure 36. Temperature dependence of th e- mobi l ity  in an n- type
samp le from BSG-1 5 (n = 8 x i017 c’m 3),

68

•



10~ 
~~~~~~~~~~

--

~~~~~~~

- -- -

~~~~~~~~~

-

7 X 1 0 3 —

3 —

3 B SG- 19
2 x 1 0  —

>

LI I
1,)

~ 7 X 1 0 2 
—

- )  3 CC
-- ) J n ~~I -

-~ ~ io 2 
—

A
2 ~ io 2 — I~~G-18

io 2 —

p

70 1 I I I
30 50 70 100 150 200 300 500

i i  M P h  RA T U R L  - K )

Figure 37. ~l o h i i n t  vs temperature for three ’ BSG samples. ‘The theoretical cem rves for opti c- al
phonon scatte-ring and ionized impur i ty  se’attering are included .

69

• - ‘ ~~-*.m.- ..... _ _ — _  _ ~~~~~~~~~~~~~~~~~~ -. — - -- -— — — — - —  — - -—— ‘— - ---—-- - ---
~~~~~

-‘



13 
— -

5~~~10 -

~~~~~~~~ - v

C’-’

& I - , I ) ~~5 I V
~~io 1? _ -

-
~ 

,E A -~ I’ . 5 -

K 4 4 1 .0 -

10 11 — 
0

o—o S’~0-l

-‘ 
0 ’ O  5 ’ , [ ) ,)

A
- A—’A SS0- 3

O—Q ‘~ ‘ ( ) - - 4

0
A

A

A

? -‘ I ) ~ I __l i  -- I _ _ _ _ _  I

C ) f l  14 13 22 ‘ - 30
I - )  (1 I I ~~ )( A L I )  ~ ip ~ )~ A T I  K I  1 0 -  1

I” igurt ’ 3M . ( ‘arrn e ’r ( - c o n m ( - e -ul tma t ie ) n divide d by I te -niipc ’r ;mt ure I~ 
2 as a func tion e) f reciproc al te ’mper ature ’

for four  BM (;  growth runs ,

70

- -
- C ,Z-~~p~ -t — — . — — —-— - —— ‘ —--- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _______



fC

Lr~

-T

— r’J C’s ‘T
u_ s C,:) e u~; .

_~

VS 1/S 115 VS
I— Cc as CC CC 

- 
r

1 J ~ ‘o J  1 \ I I 3 l i J 3 O 3  11VH

71 

--



wh~ic’h occurs at 1o~ t e-mperature -s w i l l  he ’ discussed in M’ ’c’ l ion l  IV - C\ S shown in Fi gure’ 40 the tem-

perature dependenc e- of the- resistivit y has tIle sam e general sh :m I c c ’ . C\~~ the ’ temperature is decreased

from room temp e-raturt- , the ncsist ivity de’creasc-s . It rc ’lmches a mm iu ~~urn and then increases shiarp ly

with decreasing ten speratur c- ill the carrier freeze-out regime. At low tc-mperatures the re ’stivity

rea(’hcs a plateau and ir l i -re- ase ’s very slowly with (le(’rc-asing temperature- . ‘I’h is deperudencc- is

readil y interpretabl e- and will  he discussed in Section I V ,

The temperature depende-nld’e of the- mobility gives ems the most informat ion about the scattering

mechanisms iii the material . In Figure ’ I i . we’ Plot the- mobili ty as a function of temperatur e- for

sam ples BSG I to - l  - N e ar room temperature , all four samples have nearly the same- value for the

moh il it y . Ilowes -,’r , at low e r temperatures , the mobi liti e ’s differ widely.  Included in Figure- -11 is a

plot of the theoretical e-xpre - ss ion for the mobili ty when limited by combined non-polar optical

and ac o u s t i c  mode sc l o t t e - r iu lg .  Figure 41 also shows the theoretical values for ionized imp ur i ty

limited mobility for thr€ - - d i f f e - ren t  values of the- acceptor  ( lO i l S i t y .

Bec-ause most of the- LPE l a y e r s  were- n i - t y p e ’  ll o\ - e ’r s on n- ty pe  substrates , we were not able to make

Flai l n lc ’aso mre ’nlm -nts on t h e se’ sam l clc ’s .  ,-\ fe -w laye rs , howe-ve ’r , we-re grown on compensated ( ‘zochral-

ski substrates: for the-sc ’ samp le’s , h-j ai l data could be obtained . Figure -12 shows the t e ’mp€ -rature

dependence of the- mobility for one of the-se LPE n-type layers . Note ’ that the low-tensperature

m o h i n l i t y  is rather low - This LPE layer was grown from a (‘u -doped nlelt. In previous experiments

w l th l  c ; aP : ( em . we ’ oh)sc ’rs’ed that as the-  (‘ Li concentrat ioul iii  the melt increased, the mobili ty de-

u-r e-a -- c-eL Note that , near room t e-mpera ture , the mobili t y for this sample also varies as

72

• ‘~~-hN ..*~4 
- -

~~~ 
- - -___________________ -



— ‘C’

C- C C-
f r It) Ct
1 15 - - —,
0 0 55 (5

T i l l
l i i i

1? O 6 ~~~~~

\ 
I
I I C

- ~~~~ CC’

O \ ~

\~~~

\~~~~~~~~~~
I ~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~~~ l _ m~
‘I l  i~~I l ( 1  A I I A I I C I S  I~i

73

• •_•
~•~~ jj, 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — - _
~ 

_ _ __  — _ ,_
~ 

_
~~~

__,,_
~~~

.
~~

_ .,
~

___ _ —C’-



2 , 000 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- —

~~~~~~ ~~~~~~~
‘-

~~~~1P 1 ( ~~X 1 0  ‘

r - ’ x io ”

1 000 
H

- . P - 7 X 10~~ 

-

o 
\

/ o~~\
- 1 1 4 1

I 0

/
200  I

C-) /
Cc

02 
-

Y 100 
d~
, 

-

4 1 1
O — ~O~ SSD-
‘
~~~~~~~~~~~~~ SSD-3

° °  S S D - 1

2OL 
°— — —° SSD-2

____ II I I I
2( 10 - I i )  - 0  no 100 200 300 400

2? 1 C i  T i  ~? I’ l  P A T U R I  -K ’

1’ g u i r ~’ I I  - I e ’ n 1 i j . - r ~i l 110’ ‘ I c - i c c ’ n i c l c ’ i i c ~- of I l i e ’  n i u i l h I I I t \  of four SSI) sanip les .
I ii.  sol id hint ’s ~h iow t I c . ’  t he -ore - t i c - a l  value f u r  flld ) I) ili ty when limited

I ,~ i e . n i i i e ’ u t  i m i u F c 1 i r i I ~ - s - : i t t . ’ r i r u g  for t i c . ’  indicated carrier couie-e’mitrations.
‘l Ic e ’ h r u , k e ’n l  h u e ’  ~h c ws t h u . ’  I h c e ’ o ~~’I i e -~~t va lue-  for the’ mobilit y when
hu i nu t t ’ d  h~’ ce~ i i h e i m u c d u -o u s tu -  and i c u i n - po lar optical mode scat t e - r iun ~ .

7-I

L -_ ~~~~~*._ ,  
~~~~~~~~~~~~~~~~~~~ ~~~~~~~ s t,e. . _ - ____________ - 

—



500

300 -

~0 0 O Q
C 0 \  T 3 2

0
rsj 200

~~~150 -

100 -

70 I I I 

0~

50 70 100 150 200 300 500
TEM PERATURE (1< )

Figur e 12. Temperature de-penderu-e of the mobility for an LPE 10-62 n - t y p e  samp le.

3.IR Spectroscopy 
-

As discussed in the previous section , carbon has turned out to be an importan t impurity in GaP

for us to identify and characterize. IR spectroscopy has proven to be a usefu l technique in identi-

fy ing shallow donors and has been adapted to identify acceptors in GaP . We have a unique capabil-

ity at the H oneywell Research Cente r in our ability to measure IR spectra in semiconductors using

a Four ier t ran sform spectrometer. Because of the versatility of this instrument , we have been able

to use three differen t phenomena to identify carbon in GaP . These rely on the measu rement of:

‘-,, _ P 
The local mode absorption in n-type crystals.
The excitation spectru m of carbon in p-type crystals.

The extrinsic photoconductivity in p-type crystals.

In this section . the spectra which are measured in each of the three methods wifl be presented to

illustrate the diff er ent  mpthods of detecting the carbon impurities. In each case, onl y one spectrum
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wil l he- presented as an illustration,

a. Local Mode’ Ahsorpt ion - .-\ portion of the- I l l  absorption spectrum of an n- type crystal is shown

in Figur€- 43 to illustrate the uliethod used to ident i fy carbon in n - ty pe  crystals. This is a portion of

the absorption spectrum of crystal BSG-10 taken with the samp le at 1)0th 82 K and at 5 K. In the

center of the figure , the strong absorption lin e — is due to the- is - 2p0 transition in sulfur .  As can he ’

seen , the iate ’nsity of this l ine increases dramatically when the samp le is cooled from 82 K to 5 K.

In fact , this line was total l y absorbing at 5 K because of the t h i c k n e s s  of the sample emsed in this

measure-ment. Similarly,  the sulfur  lines he - tw e-e ’n 700 cm 4 and 800 cm 4 were totally absorbing in

th is  sam ple. Nevertheless , the presence of the strong absorption at 577 cm 4 clearly identified sul fur

a.-, the dominant shallow donor in this crystal .

‘--

4 03  500 600 700 800
RGY 0M -

Figure - 3. A h s o r p t i o m c  u - c n - l ’fi c i e ’ n i t  as a funct ion  of wave- number  for BS(~-1() at  82K and 5K -

An additional absorption line at 606 cm 4 is observed at both 82 K and 5 K with no change in in-

tensity. The fact that its in tensi ty  did not change with temperature indic ’ates that it is a lattice
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lea-al me e I e ’  v i i  r u  h a !  m u ’  d t ie -  to u arhon on the- phosphorus s i te ’s . Since the crystal is n- type , th ese-
Inip c,urc t t e-s ao’ c o r n  ek ’ hcs1c ~ c-u i , scc would not he dire ’c ’t l y me-asurahie in e lectrical measurements .

In Excitauon ~I u e - - t r u n t - ‘l ’he ’ absorption spectru m of l ) ’t YP e ’  c rystal , SSD-0 , is shown in Figure ’ 44.

The samp le- use - c l  had a room temperature carrier concentration of 6.6 x 1016 holes/cm 3 and had a

fre -e ’ iu ’-oii t  of the-  I ha i l coef f ic ien t  corresponding to  an activation eule-rgy of 38 meV , indicative of

carbon ,  Two ah su u r j u t  ion lines due to carh oil are observe-il . a strong line at 269 cm~ , hut  this is also

obse rve -e l in n - t y p e ’  e-n - ’,-st~cls . so it  is assumed to be a lat t ice-  absorption line.  The sample is opaque in

the spectral region from about 310 (‘rn _i to -100 cm~~ because of the strong optical phonon ahsorp-

l ion  lines in this re-gion ~i c . ,  t he  reststrahlen region). The ordinate is expressed as an ahsorbance A ,

which is define -cl at log 10T, where T is the~ transmittance of the sample.

c . I’~x t n n i s l L  Ph otoc ’onductivi ty ---The photoconductive response of crystal BSG-4 in the 400 to 4000

cm ’1 spectral interval is shown in Fi gure 45 , From Hall measurements , this cry stal  was determined

to he p - type  w i t h  a carri cu concentration of about 3 x 1017/cnl 3. Note- that there is response down

to the- reststrahlen band wh i c h e x t e n d s  from about 300 to 400 cm~~. Since the lattice will he to ta l l y

absorbing in c th e- rest strahk-n hand , it is impossible to determine if the extrinsic ’ edge lies wi th in  this
region. ,\Iso . it  should he i i o t t ’ c I  t ha t  th e  photoconductive response is oscillatory in nature , with a

pe riod cc f about 400 ~‘ni~ - The- shar p structure in the 400 1o 1000 cm 4 spectral region is not noise ,

but is clue ’ to  lattic e- absorption. The oscillations are “damped out” at about 3000 cm 4 , hu t  acidi-

tional s t r u c t u r e  is observed at higher energies , indicating the presen ce’ of deeper impuri ty  levels.

- 1 .  Ju nc t i on  (‘ apa citance- Stud nc ’s

W e- have ro ut ine- l y mc ’asiirc ’d the (‘ -V characteristic of Sc ’hottky diodes formed on the sample surface

u n orde-r to  d e t e r m i n e  t h e -  umpurit v ceincvntration in the- GaP material which we h~.,L ~rc ’\vci - The

spatial c m n m f o r m i t . y  of the ’ c arrier c oncentration iN a Ne l l  can he determined by fabr ica t ing an array

of Sc -h ot tk y  b uu r r i e ’ r ~ over the surface and measuring the bias dependence of the ’ capacitanc e. ‘Fhce

slope of the-  I i ‘2 ve ’r~, i ln  V g i v e - s  t h e  carrier conc’ - n t r u i t  n u n  - Figure’s 16 and -17 show re-spe c -I n ve ly

the re-s t ilt s of suc h a m c ’~e~u i re ’ment on crystals from SSI)-:b and LPE- 1 7-94, ‘l’h - carrie ’r c- c encemit r a t ion

us mdi.  - a te -c l  for c -ac -h se-t of dat a p ounts.
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I )ue- t cc  a m a l f u n c t i o n  im i t h e ’  growth ap~ ca rat us , a th ick  (.
~
-‘ 60 pnc ) Iavc ’r  was gr o w n  in growth run

LP K-2 9 - ‘I’he la y e r was angle I ap~ ce-el and Schot t k y harra-rs we’re’ f ab r i c  -at cd  on the lappe-d s u r f a c e ’  -

The ~ 
( ‘~~ ‘ \ c h a r a c t e r i s t i c ’ for t w o  e cf  these- diodes , w h i c h we ’re ’  15 pm and 50 pm from the growth

in l t -rfac’e. are show cc in I”igure -I S - ‘ I he ’ se -  data show that  t h e -  c arrie r (-omlce-ntration inc rease-s with

distance from the gr cwt h - in t -r fac ’e’ .

I)uring this program , two capa c itive te ’ u ’hni ques were ’ use-e l to inve st ga te ’  deep levels in GaP. The

first te-e-huuq ue , which is te-rme-d ‘‘ : cdmi t t an cc ’ sp c’ lr osc ’opv o f i m p u r i ty  le-ve!~ in  Schottky bar ri ers , ’

has been re-c c-nOv dc -sc ribe--il Icy I),L, Lose-c ( 5 ) , m i  this t e ( ’hni que - , a smal l a-c voltage- is app lied to a

St l i c u t t k v  harri c- r dio d e’ , As the bias voltage is c’hanged , the quasi-Ferm i e ve-I is swc ’ l ) t  through the

various defe c t  le ve ls - \s the  Fe rmi lc ’v e ’ ! crosse s the- defect le ve l , charge carrie-rs are freed : this , in

turn , a l t e r s  the charge- ( I i s t r c i i ) u t i c ) n  w i th in  the- dep letion l a y e r ,  The diff e -renti al  capacitance is deter-

mine-il b~ the magni tude-  of t h e -  charge osc illation , c5p, l ee r voltage amp lituch- , cSV , So long as the

frequency of voltage ec s c i l l a t i on l  is s u f f i c ientl y low and the temperature suff ic ient ly  high so that

th e  charge can mc)Ve in and out of t h e -  Ic- y e-I , the level will contr ibute to the capacitance. However ,

w h e n  e -n th e r  the ’ f re ’que- ru -y  of the’ appht e -ci bias or the temperature e’haniges scu tha t  the level cannot

re’spcund , the-re - svi l l  hc a change in the’ c -
~cpac- ttana’c’ . At intern lediate ’ temperatures , the charge , ö p,

will lag he-  v c u l t a g e ’ , 15 V , and hence svi !l produce a real ( ‘orn l)c)u lent ( i .e . ,  concitcu t c l u c ’e -  ) to th e- ad-

nil i t t  a nt e , I - cu r t i l e -  n i t  ii at n where ’  the- fre ‘q n e - n a ’  is fi x e-cl  and the tc-mpe-rat ure is var ie -d thro cugh the

r a ii  ge w h e r e -  l i ce -  level make ’s the ’  t r ani ’u t i c  in , the capacit iv e- con i c  poic .  ‘ h i t  c c l  t h e  ad ni i t tan u c’ will  change’

monotonically from one value ’  t o  another .  Simultan e-ousl y ,  the conductance gcue-s through a peak.

u c ’ i k  mn  t i l e ’  c-c cncdcu t a n i u - e -  will o c c u r  when wrk 1, where ’ rk is the  t i m e  c’ cu n ~t~cn t  f o r  tile ’ k th

e l ‘I ’hus , if  ( . the — ccc ’~d c i c ’ t a i i c c- , is me’~i s i t r c ’ c f  as a functiccn u c f  t e - m lc t ce - r : c t u r e - , ct f ixe d freciiie-nc’v ,

a 1 01k wi l l  I c e -  c c l c s e - r v e ’ c f  eac h t i m e ’  an v~
- T

k 
— I c o n d i t i o n  is met,

V ..’ ia~ c - n c i e - ~i,st i r ed ( as a func t  Oi l  of te-mperature ’ f o r  s e ’v e ’ r ic l  Sc - l co t  t k y diodes forme -ci e~n BSG

Gal’ n c i ) c s t r~i t , ’ s  The .’ r e - s t i l t s  of u c r l u ’ of the- - a ’ e -xpe - run i e n i t s  are s l i own c  in 1- i g i t r e ’  - 19 . N o t e -  th at , for higher

— _~~~~~ 
I r e - c 1 1. 1cc l ’ s  - the’ p c-ak - .c -c -u rs  it Ii n g he -r  tempe rature ’s.

‘[he ’ ,, -c e i n c c f  te ’e ’hnuc ~ue ’ c u - e e l  to  st emdv c l - f e c -  t le ve ls in ( icI is the- ( l e ) t m I ) l e ’ -s cc c i r c ’ e ’  l c lcoto d’apac’i t anc ’( ’

rne ’tho d, ‘l ’hus I c -c i t  nuqu c ’  ) la.s r ( ’e-e ’nt ly lI e -u - il  cl is c-tc s s e -d by Whi t e ’ , I ) e -ani  ami d I’ortc ’ous ~ ) - The’ Sc ’hot 1kv
I ) .L. h, c,sn,’,- , •~ p~c I .  l ’ i i v s .  l ’ , 22 1) - I  ( 1 9 7 5 ) ,

~ A M  W h i t e - , h’ ,J . [ ) e - a n c  and P. P e c u t , ’ c i i s , ~J. .- \pp l . PI c yn j~~~3 23() ( 19 7 6 t .

—
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u ; c r r u c - i n  u t i c  ‘ ( I c ’ s ( r u  - fab r i c a t e - c l  c c i i  t u e  Gal 1 ~ui I cst t a t e -  as u l c ’ s u r u } c c  u I  abc uve ’ iv c - u  ; c ;  ‘ c t u u t  r u g  gdl d to form a

th i n n c - i c i i t r a u u , — ~ u u i r e t c (  u c c u i t u c c i - -  \ c ’ c c c i s t a n t  s u c u u r c I -  c f  p r i m i n g  r ; c c l u u c t i u c i  of c - u u c - r g ’ ;  u s r e - u u t c ’ r  t h an t h ,

I cuenc lg a p  u - i u e ’ r g v  is n c a i u i t a i r c e ’ i l  on the- ‘- uu r u i ;  ‘ I c -  - -\ Se -u I au I - i r i u c h l e -  e - n c - r g y  u ci ru - c- ( t F u  p rob ing  r uc d ia -

tionc) is sinu i ,. uuiic -c ’ u- ,Iv uli r c’ u - Ic ’ c I (cn ( c c -  s I u r f l u i ) , ’, and lI i c ’ di u sI c cu u j u uc c i t u u i u c - i s  me ’u is ci re ’cl is t h e -  ene rgy

ci th i s  sc cu r d’ c’ is van - i c -c l .  ‘I ii s t , ’u uu l v Ic - ye’! u c f ~c r’i nn ing  r C c d i a t i c u l  sc-r ’, -- — t u u  r c -u c l c -  ii -,i c u c u t \ - ” t u c t e  poptila—

l u  u i  f e’Ie ’utrcc ;i s in r uu ;  I s  a l ce cu c’ t in - l c - n n i i  l e vI-I mcI of l i c c l c ’ s  in I r uc ~ c ’ I c - I u ’ t v  th e’ i- -’ trui I e -~ c- l - - \ Iu  t I -

the ’ a l c l c ro l c r nu i t  c (c l icc t c c ii e’tle’rg\- (Ii rc’ si u Id~ . t h e - ; u i - c c l u e ’  r u c u l  i _ c t  c u r l  i i  t in c is t i c - s e ’  p op u lat  ions 1w tra n sfe-r

of c ;urri c rs c the ’  l u c i a - s t  }c~cnd • ‘cl gc ’. In t ll c’ ulc ’ j u ic- t iuu h u  rc -gl u c iu , I (i c- sc - ‘ Itt - ri ‘ i -  ir e st Vc ’ )u l cV, aV by the

fie ld , and t l uc - u lu ;u r gc- c !u’ - tr tHui uuu u c  Is a l t e r e d w i t h  II u - u re’s; ci u c i l u i c  -hange ’ in t he- u u i pul u i t u i t i u c - . The

u a ~i u cc i t;iri cc c’an (cc - inc re ase-cl cur u I u -u - r c -u c ~e-d depc ’n i d uui ~~on t l ic - u u u u i i i r c ’  o f t h e t r ap

h - ’r g u i r e -  50 ~h u  ‘tt ~ I t -  r c- -.uil t cef o c cr n i i , - a s icr e ’n i ent  c cf chan ge ’ in c -u u ; u ;i -u l u I u - -  cd ,Scli u ,tt kv barriers Ici rn i e ’ c I

c - i c 1 051 ’, nl i l c struen , ’ uc_s a I l c - t i c u i u  c i f  t i n ’  probing r iecl iat ion c ’ l i e ’ n -gv for t h r e - c -  d i f f e r e n t  m -asuring fre’ —

(c c- r u  I’~ I I  ‘ I’~~’~~ u t . - i - u ci ( i c  - 1 u c i c I c u I p i i c ’ i t  anice omi the ’  - - r i c - i g \  of the  pr c lii i ig rad at t o r i  can give ’

‘ - I  - u - u c a t e c ’ n  ~~~~ u b ,  - I  a - I , -v e ’ k.

~
- 

~~‘ - r ,  1 - .i - ~. ‘- — ‘ ‘ u - I t - -  , I ( c ’  ; i u c u  ‘ c - ’ -  5 perlrnt-nts on once cut tic , ’ S u lu i t t  L c l i  u c l c  - s svh se’

I i ,~., - ‘ - . - - , cc  v ’ c c ,  I s  t u l c  I bc’  u l u  , t t , - c  c i c u e r : u c i c ’ r i s t  nc s~ ucs u u h t u i i n i c ’ c l  I cy  f i r s t  ii-

Ci? ,,c ‘ - ~~ - - - — —  
k ~ i i i  ~ r - - ,c t c r  t I n c a  hau ldl gap e ’i u e’ r gy  - h i t s  r u i d i u e t  I c c c l  ups ets  t he

- ‘ ‘ - 5 - -~~ 
- , rt - ‘i i  l u -  - - u u c - i ~~\ le ve ls w i t h i n i  t i i c -  I c ~encd  gap. I i i ’ r u u d u a l  ‘ f i r  is t hen

- ‘ - - . ~ -~ - - ‘ 
- ‘ i - ‘ - r a t  i c r , ’ , t i l l ’  t u n e ’  u c u  t i l ’ - r i u i , c i  i / c -  a l l  c c !  t h e ’  c - c u t -n’ s is lon g, ~cn cI  i t —

‘ , I ‘ - ‘ - - , i - , , - ,  I c e !  c i i  c c l  t h c ’  I c - t c ’ l n  u - I u uc t i g . ’ s u - ’ r ~ s l c c w l y  f tc ’ ri the ’ ( c r u c l c c ’  r Cndi-

am i - - u  - . • -. - - ‘ - . - - - ‘ c i t . -  , ‘ q u u l t r t  c )nc cc - r i  u i - t h .  c - r i c - r c t ~ is i i ’ - u ( - ~u - , I - , I f r O f l l  O . d9 f-u

1 5 — - ‘ - ‘ ‘~‘ru ’ - t I c , ‘ ‘ I t  1 ’, in nm ’ - - ~ I ( i c r , -  i s a c - l e a r  t n t — ’’ u cs c -  in t I c . ’  ‘ -a ~ u u c u - n t a n i ’  1’  i u c a r  1) 5  c u d  I) .7 c ’\’ ,

-~~

‘[‘he’ . ‘ x ç u c ’ r i i i u u ’ n t t s  r e s c m l t i n g  in t h e ’  i l a t a  of h” mgi u re  51 wer e ’ funded Ic  I h oneyw el l .
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